A nanoscale thermal anemometry probe (NSTAP) has been developed to measure velocity fluctuations at ultra-small scales. The sensing element is a free-standing platinum nanoscale wire, 100 nm × 2 µm × 60 µm, suspended between two currentcarrying contacts and the sensor is an order of magnitude smaller than presently available commercial hot wires. The probe is constructed using standard semiconductor and MEMS manufacturing methods, which enables many probes to be manufactured simultaneously. Measurements were performed in grid-generated turbulence and compared to conventional hot-wire probes with a range of sensor lengths. The results demonstrate that the NSTAP behaves similarly to conventional hot-wire probes but with better spatial resolution and faster temporal response. The results are used to investigate spatial filtering effects, including the impact of spatial filtering on the probability density of velocity and velocity increment statistics.
Introduction
Hot-wire anemometry has proven to be an essential tool in experimental fluid mechanics, particularly in the study of turbulence. However, a major drawback of hot-wire anemometry is the finite length of the wire, l w , so that the measured velocity is spatially averaged by the sensor such that One of the earliest investigations of spatial filtering was performed by Wyngaard (1968) , who transformed (1.1) to Fourier space to find where k = (k 1 , k 2 , k 3 ) is the wavenumber vector. We see that spatial averaging causes the sensor to act as a filter, and the contribution to the velocity fluctuations from eddies smaller than the wire length is lost. The one-dimensional energy spectrum measured by a finite sensor, E 11 , is therefore related to the full three-dimensional energy spectrum, E a (|k|), through Equation (1.3) illustrates how spatial averaging in the k 2 direction can be aliased to all scales in the k 1 direction, as demonstrated experimentally by Citriniti & George (1997) . Wyngaard (1968) used this analysis to examine the effects of spatial filtering on hot-wire measurements in homogeneous isotropic turbulence by modelling E a (|k|) using the Pao spectrum to describe the high-wavenumber contributions to the signal. This work has since been extended for homogeneous isotropic turbulence by several authors, including Ewing, Hussein & George (1995) , who used the full Kármán-Saffman-Pao model spectrum. These analytical models give important insights into the effects of spatial filtering, but they are not useful for developing correction schemes for measurements of anisotropic turbulence where the spectra are not known a priori, such as in turbulent wall-bounded flows. This problem is particularly evident at high Reynolds numbers, where, in many laboratory experiments, the smallest scales of turbulence are much smaller than the wire length. Ligrani & Bradshaw (1987a) suggested that hot-wire probes will only produce reliable statistics when l + w 6 20, where l + w = l w u τ /ν. Here, u τ = √ τ w /ρ, τ w is the stress at the wall, and ρ and ν are the fluid density and kinematic viscosity, respectively. More recently, Hutchins et al. (2009) provided an empirical correlation to help estimate the filtering effects (at y + = 15) as a function of three parameters: δ + = δu τ /ν, l + w and l w /δ, where δ is the boundary-layer thickness, and Chin et al. (2009) proposed a correction to the measured one-dimensional spectrum based on the spatial filtering effect of a finite-length wire on the three-dimensional spectra in a channel flow obtained by direct numerical simulation.
In the literature on wall-bounded flows, it is generally assumed that the relevant parameter for spatial filtering is l + w . It can also be argued that the relevant length scale for spatial filtering effects should be the Kolmogorov length scale η, rather than the viscous length scale ν/u τ . The two scales are proportional close to walls (Yakhot et al. 2010 ), but the difference may be important further away. Whether l w /η or l + w is the most general parameter to describe the spatial resolution of a probe is still an open question. It is, however, clear that accurate studies of the characteristics of such small-scale motions requires very small probes.
One experiment where the effects of spatial filtering are particularly evident is the Princeton/ONR Superpipe experiment described by Zagarola & Smits (1998) and Morrison et al. (2004) . By operating at pressures up to 200 atm, pipe-flow Reynolds numbers up to 38 × 10 6 can be achieved. With a fixed outer scale of the flow, an increase in Reynolds numbers necessarily means a decrease in the physical size of the smallest scales of turbulence. For example, in pipe flows, the ratio of the size of the largest scale motions to the smallest scale motions can be represented by R + = Ru τ /ν, which, at the highest Reynolds numbers obtained in the Superpipe, has a value of 5.3 × 10 5 . Here, R is the radius of the pipe. For a conventional hot-wire probe at these conditions, l + w ≈ 4000. Therefore, in order to perform fully resolved turbulence measurements in facilities such as the Superpipe, it is necessary to significantly reduce the size of the sensor.
It is not possible to reduce the probe size by simply reducing its length since there is an important additional restriction imposed by end-conduction effects. For these effects to be small enough to be neglected, l w /d needs to be large enough, where d is the wire diameter. Perry, Smits & Chong (1979) , Ligrani & Bradshaw (1987a) and Klewicki & Falco (1990) recommended that l w /d > 200, although Li et al. (2004) pointed out that the ratio can be reduced to about 100 at a high Biot number, such as that experienced in the Superpipe at high Reynolds numbers. Because of this limitation on the wire length, a wire with a sufficiently small length to capture the smallest turbulence scales at a high Reynolds number will require a diameter that is smaller than what is presently available.
A number of efforts have tried to address these issues by using conventional hotwire construction techniques to make shorter wires. Willmarth & Sharma (1984) , for example, used Wollaston wire of d = 0.5 µm and created probes as small as l w = 50 µm. Unfortunately, these data suffered from end-conduction effects. Ligrani & Bradshaw (1987a,b) used a similar probe design with d = 0.625 µm, but with the requirement that l/d > 200, the smallest possible wire length was 125 µm. Löfdahl, Stemme & Johannson (1989) and Löfdahl, Stemme & Johannson (1992) instead developed singleand dual-component velocity sensors using MEMS manufacturing techniques. These probes gave results that compared well to conventional hot-wire probes, but the largest dimension of the probe-sensing area was 400 µm, offering only a slight improvement in spatial resolution over conventional probes. Jiang et al. (1994) , Ho et al. (1993) and Tai et al. (1993) also used MEMS techniques to manufacture a thermal anemometry probe with a geometry similar to conventional hot wires, although the sensing element was made of polysilicon. These probes were a great improvement in terms of spatial dimensions, with the smallest having a length of 10 µm, but they had low aspect ratios, and end-conduction effects introduced multiple time scales into the frequency response. Low aspect ratios were also present in the multi-component hot-wire probe produced by Chen et al. (2003) , with sensor dimensions as small as 50 µm × 6 µm × 2.7 µm. In this instance, the sensing element was in close proximity to a substrate, making them impractical for conventional turbulence measurements. Here, we have two purposes. First, we describe the design and testing of a nanoscale thermal anemometry probe (NSTAP) that can measure instantaneous fluctuating velocities at ultra-small scales, without the limitations and problems encountered in previous attempts to build small sensors. With a platinum sensing element two orders of magnitude smaller than current commercial technology, the spatial and temporal resolution of the NSTAP greatly exceeds existing systems. Second, we use the NSTAP together with an array of conventional hot-wire probes to quantify the effects of spatial resolution on the measurement of grid turbulence, and to demonstrate the superior spatial and temporal resolutions of the NSTAP.
NSTAP construction
Manufacturing the NSTAP uses a series of standard semiconductor and MEMS manufacturing techniques to produce a free-standing nanoscale wire between two electrically conducting supports. The initial probe design and manufacture was described by Kunkel, Arnold & Smits (2006) , and the present steps are illustrated in figure 2(a-i ) . The procedure starts with a standard 381 mm silicon wafer approximately 525 µm thick ( figure 2a ). An ∼500 nm thick layer of SiO 2 is grown on the silicon wafer using plasma-enhanced chemical vapour deposition (PECVD) (figure 2b). This oxide layer acts as an insulating layer between the metal and the silicon substrate. In addition, the oxide layer performs the important duty of supporting the metal nanoscale wire during the manufacturing process.
Photoresist is spin-coated on the surface of the wafer (figure 2c) and standard optical lithographic techniques are used to pattern the probe shape into the photoresist (figure 2d ). Several hundred probes can be patterned onto a single wafer. A single probe pattern is shown in figure 3 , and this pattern forms the basic geometry of the NSTAP. Each probe consists of two 3.03 mm × 0.87 mm contact pads narrowing at the front of the probe (to reduce the aerodynamic interference) connected to a nominally 2 µm × 60 µm wire through two 15 µm × 60 µm long stubs. The stubs between the wire and the probe pads thermally separate the hot wire from the relatively large-probecontact pads . Note that the probe design called for a 1 µm × 60 µm wire; however, limitations of the photolithography process results in the manufactured dimension of 2 µm × 60 µm. An electron beam evaporator is then used to deposit a 10 nm layer of titanium on the front side of the wafer (to promote adhesion) followed by a 100 nm thick layer of platinum (figure 2e). This thickness of the platinum becomes the nanoscale wire dimension perpendicular to the flow. After deposition, unwanted platinum is lifted off using a solution of PRS-1000 at 100
• C, leaving the platinum on the surface of the wafer in the pattern defined during the photolithography procedure (figure 2f ).
A pulsed UV laser (wavelength of 355 nm, pulsewidth of 30 ns) combined with a high-precision motion control system is used to machine the back side of the silicon wafer, shaping the supports so as to minimize their aerodynamic interference and cut the probe from the wafer (figure 2g). The ablative nature of the process imposes limitations on the accuracy of the micromachining; so a thin layer of silicon is intentionally left between the support structure immediately below the nanoscale wire to prevent accidental destruction of the wire during micromachining. This layer is removed using a dry reactive-ion etch of SF 6 and O 2 (figure 2h). During this process, the platinum layer of the probe is protected by adhering the platinum-coated surface to a glass slide with wax, leaving only the silicon exposed to the chemically reactive plasma. Etching is performed at relatively slow rates with regular inspection to ensure that the layer of SiO 2 supporting the nanoscale wire is maintained. This SiO 2 layer prevents damage to the nanoscale wire by acting as a buffer between the wire and the plasma.
Following immersion in an acetone bath to remove any residual wax, the probe is mounted onto conventional hot-wire prongs using soldering. This step is typically performed before removal of the SiO 2 as it helps to support the nanoscale wire during handling. The final manufacturing step is removal of the SiO 2 between the contact pads using buffered oxide etch solution (figure 2i ). A scanning-electron-microscope image of a typical probe is shown in figure 4. Note that the probe shown in figure 4 has a small (approximately 20 µm × 20 µm) bridge of silicon downstream of the sensor. This bridge is an artefact of imperfections introduced during the laser-micromachining and reactive-ion-etching processes and is not present in all probes. Data taken using probes with such bridges and without indicated that these bridges did not introduce adverse effects at the location of the sensor.
Upon completion, a free-standing wire with dimensions of 100 nm × 2 µm × 60 µm and electrical resistance of approximately 200 is left between the two support structures.
NSTAP operating characteristics
The operating principle of the NSTAP is identical to that used in conventional thermal anemometry (Bruun 1995) , whereby an electric current is passed through the sensor heating it above the ambient fluid temperature. As the fluid flows over the wire, the convective heat transfer to the fluid cools the wire. In constant-current (CCA) operation, the current is maintained at a constant value and the change in wire resistance due to a change in velocity manifests itself as a change in the voltage across the wire. In constant-temperature (CTA) operation, the current to the wire is instead adjusted to maintain a constant wire resistance through a feedback circuit, and the voltage output is again a function of the flow velocity. Once the anemometer is calibrated, it can be used to measure the mean and fluctuating velocity of the fluid flow. NSTAPs have been successfully operated in both a purpose-built uncompensated CCA circuit used during initial testing as well as a Dantec Streamline CTA system in 1 : 1 mode, balanced using an external resistor.
It was found that annealing of the probe was essential. Staring with an initial resistance of about 200 , the resistance stabilized after the probe was operated for at least 24 h at high temperature, resulting in a typical final cold resistance of about 140 .
The thermal coefficient of resistance, χ, of the NSTAP was measured using a heated wind tunnel and found to be 0.0019 K −1 . A typical value for a 90 % platinum, 10 % rhodium hot wire is 0.0018 K −1 .
3.1. Temporal response We expect that, compared to a conventional hot-wire probe, the temporal response of the NSTAP will be greatly improved due to its reduced thermal mass. The response of the probe to a square-wave voltage input in an uncompensated CCA circuit was measured at flow velocities ranging from 8 to 40 m s −1 . Under these conditions, the time constant was found to be between 3.4 and 3.6 µs (corresponding to a 3 dB frequency response of approximately 9 kHz), which is almost three orders of magnitude shorter than the corresponding time constants of O(1 ms) for conventional hot-wire probes in CCA (Tavoularis 2005) . However, as discussed by Li (2006) and others, the step response of a probe to a voltage perturbation overestimates the frequency response of the probe to velocity perturbations. The NSTAP response to a step change in velocity was therefore estimated using the local heat balance along a hot-wire probe (as described in Comte-Bellot & Foss 2007, for example). For a wire with arbitrary cross-section, under the assumption that the local wire temperature, T , is only a function of x 2 and time, t, the local heat balance appears as
and
where ρ w , c w , R 0 , χ and k w are the density, specific heat, resistivity, thermal coefficient of resistance and thermal conductivity of the wire material, respectively, at temperature T . The wire geometry is described using the area A and perimeter P of the wire cross-section, and the length scale used in the definition of the Nusselt number, Nu, where for a round wire = d, while for the NSTAP we use the long dimension of the wire cross-section. The flow conditions are contained in Nu, k a , the thermal conductivity of air at the film temperature, and T a , the temperature of the air flow. The temperature increase of the wire is driven by Joule heating through the current I . Equation (3.1) was solved numerically for a step increase in the Nusselt number under the assumption of zero temperature variation along the length of the wire and a constant wire current. The results shown in figure 5 indicate that a probe with the NSTAP geometry has an expected time constant for velocity perturbations of about 50 µs, which is considerably slower than its response to a voltage perturbation, but it is still at least an order of magnitude faster than that of a conventional 5 µm diameter tungsten hot wire, where this analysis gave 1.3 ms, which is in good agreement with the experimental value reported by Tavoularis (2005) .
3.2. End-conduction effects End conduction also attenuates the dynamic response of the probe (as recently discussed by, for example, Morris & Foss 2003 and Li 2004) by attenuating heat waves along the wire. For a typical hot wire, these take effect at a frequency proportional to k w /(ρ w c w l 2 w ) (Li 2004) . For a conventional probe, such as a 5 µm, 1 mm tungsten hot wire, this attenuation is expected to occur for f > O(100 Hz), whereas for the NSTAP probe, the attenuation will occur for f > O(10 kHz) due to the significantly smaller wire length. Therefore, the additional time constant imposed by end-conduction effects will have a greatly reduced impact on the NSTAP measurements compared to those made using conventional probes.
We also need to address the criteria for minimizing end-conduction losses. For conventional probes, it is generally assumed that end-conduction effects are negligible when l/d > 200. Due to its non-cylindrical geometry, this criterion cannot be applied directly to the NSTAP, although some conclusions can be made using the steady-state solution to (3.1). That is (Comte-Bellot & Foss 2007) , Using this solution, we can compare the expected temperature distribution for the NSTAP to that of a 5 µm, 1 mm long tungsten hot wire. To perform this calculation, we assumed that the NSTAP sensing element can be treated as a thin plate, for which the relationship of Nu to the Reynolds number based on is equivalent to that of a cylinder increased by a factor of approximately 1.3 (Avilov & Decker 1994) . The comparison at a mean flow velocity of 30 m s −1 and overheat ratio of 0.8, shown in figure 6, supports the notion that the temperature distribution of the NSTAP is comparable to that of a conventional hot wire with l/d = 200.
Angular sensitivity
To evaluate the importance of aerodynamic interference of the supporting silicon structure and the effect of the rectangular cross-section of the nanowire (2 × 0.1 µm), an experiment was conducted to evaluate the angular sensitivity of the probe. This was done by calibrating the probe at θ = 0
• , where θ = tan −1 (U 3 /U 1 ), and pitching the probe in a laminar flow in the range of −60
• < θ < 60
• at two different free-stream velocities, 10 and 20 m s −1 . The ratio between the measured velocity magnitude and the true velocity magnitude is shown in figure 7 as a function of θ, and we see that the measured velocity magnitude can deviate by up to 15 % from the true velocity magnitude over this range of angles.
These results can be compared to aerodynamic interference effects for the prongs of conventional hot wires, which can be estimated using the analysis of Adrian et al. (1984) , that is 6) where the coefficients k and h depend on the probe geometry. For a conventional probe, Adrian et al. (1984) found that h ≈ 1.02 and the expected behaviour for a conventional probe, shown in figure 7, illustrates the much stronger sensitivity of the NSTAP to variations in the flow angle. This increased sensitivity is most likely due to the possibility of separation from the tilted 'ribbon-like' nanowire itself, in addition to the flow acceleration introduced by the support structure. For the turbulence measurements reported here, θ was always less than 3
• and the error introduced by angular sensitivity is expected to be less than 1 %. However, for accurate NSTAP measurements in flows with high turbulence intensity, further reductions in aerodynamic interference will be required, in combination with a reduction in the cross-sectional aspect ratio of the wire. Both modifications are being taken into consideration in an ongoing probe development, and it is acknowledged that the current NSTAP design is not suitable for flows where θ varies significantly.
Heat-transfer regimes
Finally, to ensure that the main mode of heat transfer is forced convection for all velocities of interest, three dimensionless parameters need to be considered: the Knudsen number Kn, the Richardson number Ri and the Péclet number Pe. The Knudsen number is the ratio of the mean free path of the fluid to the wire width . In air at atmospheric pressure, the mean free path is about 68 nm which, for the NSTAP, gives Kn ≈ 0.034. Fingerson & Freymuth (1983) stated that the continuum assumption is adequate in this regime as long as density changes are small (Kn approximately constant), which is true for the flows of primary interest here. The Richardson number is the ratio of natural to forced convection. Because Ri ∝ , a smaller wire reduces the natural convection faster than the forced convection; thus, the critical Ri will occur at a lower velocity for the NSTAP compared to a conventional hot wire. The most critical parameter for the NSTAP was found to be the Péclet number, which is the ratio of convective to diffusive heat transfer (Pe = Re × Pr, where Pr is the Prandtl number). Because Re ∝ , a smaller length scale will increase the relative importance of thermal diffusion in the fluid, resulting in a reduced sensitivity to velocity changes. This effect was observed in the NSTAP data for velocities lower than about 1.8 m s −1 . Figure 8 shows a calibration curve where the low-Péclet-number effect is seen for Pe < 0.4. This result corresponds well with the work by Avilov & Decker (1994) , who investigated Péclet-number effects on cylinders and flat plates, and it is important to note that conventional heat-transfer correlations will not be valid for low Pe, and data taken under these conditions need to be treated with extra care. 
Grid-turbulence measurements
To evaluate the performance of the NSTAP, and to assess spatial filtering effects, measurements were performed in grid-generated turbulence and compared to measurements using conventional hot-wire probes with different sensing lengths. The hot-wire probes were manufactured from platinum-10 % rhodium Wollaston wire with a diameter of 2.5 µm and sensing lengths of 0.5, 0.75, 1.0 and 1.5 mm, so that, in all cases, the wires exceeded the recommended length to diameter ratio of 200.
These tests were conducted using a Dantec Streamline CTA using the 1:1 bridge. The NSTAP was operated at T hot ≈ 230
• C, resulting in a measured square-wave response of 150 kHz, whereas the hot wires were operated at a slightly higher temperature, T hot ≈ 300
• C, resulting in a square-wave response between 50 and 70 kHz. The probes were positioned near the centreline of a 0.6 m × 0.9 m × 3.6 m wind tunnel and mounted on a traverse capable of positioning the probes along the streamwise x 1 -axis of the tunnel. The tunnel was equipped with a removable grid, which could be placed at the inlet of the test section to generate approximately homogeneous isotropic turbulence. The grid was made of cylindrical wires 3.2 mm in diameter welded to form a square mesh with mesh size M = 25.4 mm and a solidity of 0.23.
Measurements were performed at nominal free-stream velocities U ∞ of 10, 20 and 30 m s −1 , and at 10 streamwise positions ranging from 21M to 66M downstream of the grid, in intervals of 5M. The dissipation rate, , was estimated using the turbulent kinetic energy decay rate assuming locally homogeneous isotropic turbulence. In this calculation, the turbulent kinetic energy for each velocity was estimated by fitting a single power-law curve to the decay of 3/2 u 2 1 measured by all probes, where u 1 (t) = U 1 (t) − U 1 and denotes a time average. The Taylor microscale Reynolds numbers, Re λ = λ g u 2 1
1/2 /ν, where λ g is the transverse Taylor microscale, varied from 42 to 113, and the Kolmogorov length scale, η, varied from 90 to 400 µm, so that 0.2 < l w /η < 17 for the probes used.
Static calibration
Calibrations were performed in situ, without the grid in place, using a Pitot-static probe mounted in close proximity to the probes to measure the mean free-stream velocity, U 1 . Calibrations were performed before and after each grid turbulence measurement, and it was found that, once the initial annealing process was complete, there was no evidence of voltage drift. The measured bridge voltage, V , for each velocity is shown in the calibration curves in figure 9 (a). (Note that each curve actually consists of three separate calibration runs taken at different times.) It can be seen in figure 9 (a) that the reduction of sensitivity of the NSTAP is consistent with that observed with decreasing sensor diameter in conventional probes. The static response of all probes was found to be well represented by King's law with an exponent of 0.45,
where A and B are dimensional constants. This is shown in figure 9 (b), which compares the scaled voltage, (V 2 − B)/A, to the calibration velocity. The agreement of the NSTAP response with King's law supports the assumption that the Reynoldsnumber dependence of the Nusselt number for the NSTAP geometry is similar to that of a cylinder, and confirms that the NSTAP static response is virtually identical to that of a conventional probe.
Grid-turbulence decay
The streamwise decay of the second and third moments of the streamwise velocity, u 2 1 and u 3 1 , is shown in figure 10 . We see that the decay of u 2 1 appears to follow the trend expected for grid-generated turbulence, but the behaviour of the third-order moment indicates that the turbulence was slightly inhomogeneous for x 1 /M < 40. Further evidence of inhomogeneity was found during tests using two 0.5 mm diameter probes separated in the x 3 direction by a distance of 1.5M, which revealed evidence of persistent wake effects from the grid elements for x 1 /M < 40. Measurements from locations x 1 /M < 40 were therefore not included in further data analysis. 
Spatial filtering effects on velocity statistics
To illustrate the spatial filtering effects due to the limited probe size, the wavenumber spectra E 11 (k 1 ) are shown in figure 11 , where the streamwise wavenumber is taken as k 1 = 2πf/ U 1 and f is the frequency. Figure 11(a) illustrates that the NSTAP provides virtually the same overall response as the conventional probes, even at low wavenumbers where end-conduction effects would manifest themselves. When viewed in pre-multiplied form, as in figure 11(b) , the reduced spectral response of the larger probes becomes more obvious. At low Re λ , the NSTAP and 0.5 mm probe are in excellent agreement and both measure an energy level that is slightly higher than that of the 1.5 mm probe. As Re λ increases, the Kolmogorov length scale decreases so that l w /η increases, and we see that the energy measured by even the 0.5 mm probe decreases relative to the NSTAP. It is also clear from figure 11(b) that the longer probes filter energy at wavelengths that are more than an order of magnitude larger than the wire length. As observed by, for example Citriniti & George (1997) , this is not an unexpected result, and it is due to the action of the finite length of the wire as a spectral cut-off filter for small wavelengths in the direction parallel to the wire, leaving the normal directions relatively unfiltered. Because the filtering occurs in three-dimensional wavenumber space, when collapsed into the one-dimensional spectrum, the lost spectral energy is aliased among all streamwise wavelengths.
A more quantifiable measure of spatial filtering is provided by examining u 2 1 / u 2 N , the ratio of the measured turbulence intensity to the value measured by the NSTAP under the same conditions (see figure 12) . Although there is significant scatter in the data, u Figure 12 also shows the energy loss found by integrating (1.3), which was solved numerically after modelling E(|k|) using the Kármán-Saffman-Pao model spectrum. This model was applied for each combination of l w /η and L/η, where L is the streamwise integral length scale measured in the experiments. Two observations can be made. First, due to the aliasing of filtering towards large scales, there is some l w /L dependence introduced. Hence, although some of the scatter in figure 12 is likely due to experimental uncertainty, some of the scatter is also likely to be introduced by the L dependence of the filtered energy, which is not accounted for in this figure. Unfortunately, the range of η and L combinations in the current experiment were not sufficient to properly separate out the dependence of the filtering on each parameter. Second, the model underpredicts the filtering which occurred in the experiments. This may be due to the increased temporal response of the NSTAP relative to the conventional probes which would result in the normalization used in figure 12 to include the effects of both temporal and spatial filtering. In addition, Li (2004) and others have shown that the expected attenuation due to conduction effects can be up to 7 % for a conventional wire, and this filtered energy could also be contributing to the disagreement between the experimental results and the model, which does not take these effects into consideration. In previous work on grid turbulence, considerable effort has been spent on investigating the spectral implications of spatial filtering on measurements of the velocity variance. The impact of spatial filtering on the higher order moments, and probability density function (p.d.f.) as a whole, has been largely overlooked. As illustrated in figure 13 , the differences among the probes with different sensor lengths occur mainly in the tails of the p.d.f.s, so that spatial filtering becomes increasingly important when evaluating the higher order moments. This is illustrated quantitatively in figure 14 , which shows the 4th-, 6th-, 8th-and 10th-order central moments measured by the conventional probes, normalized by the value measured by the NSTAP. Only the even moments are shown due to large scatter introduced into the normalization by the odd-ordered central moments by having a value near zero. Figure 14 is illustrative in two respects. First, it provides further confidence in the NSTAP measurements due to the convergence towards unity as l/η → 0. Second, it shows the systematic increase of the effects of spatial filtering with increased order of central moment. For example, when l/η = 5, the 10th-order moment has an error near 25 %, whereas the second-order moment has an error of approximately 5 % (a value which is within the range of typical measurement error).
The increased error with order of the velocity moment and the near-Gaussian properties of the underlying p.d.f. suggest that a correction can be applied to the measured moments to compensate for the spatial filtering. The simple correction, was found to be effective in minimizing the error, where n is the order of the central moment and G is the correction that would be applied to the second-order moment, for example as estimated by spectral modelling (that is, by using (1.3) ). Here, G was approximated using u 
Spatial filtering effects on velocity-increment statistics
Although the central moments, spectra and p.d.f.s of velocity provide much detailed information about the fluid velocity in turbulent flows, the structure of the turbulence is better revealed by the statistics of the velocity increment,
where r is an arbitrary separation vector. In the current experiment, only the streamwise component of u was measured and the separation r was estimated using Taylor's hypothesis such that
The p.d.f.s of δu 1 are shown in figure 15 for three separations. Once again, good general agreement is found among the probes, and the p.d.f.s clearly show the expected skewed appearance at small r 1 , and tend towards being approximately Gaussian at large r 1 .
A more detailed comparison among the probes can be conducted by normalizing the p.d.f.s of δu 1 measured by the 0.5 and 1.5 mm probes by the corresponding p.d.f. measured by the NSTAP, as shown in figure 15 . As with the velocity p.d.f.s of figure 13 , the differences among the three probes appear at the tails of the p.d.f.; however, the trend of decreasing agreement with increasing Reynolds number (that is, decreasing η) seen in the velocity statistics is no longer evident. Instead, the differences among the p.d.f.s is most evident at δu 1 /(δu 1 ) rms > 2, where the conventional hot-wire probes measure a lower probability of these events occurring. Either the conventional wires are measuring fewer deceleration events than the NSTAP, or the NSTAP is introducing more deceleration events. Both possibilities can be explained by the geometry of the NSTAP. In the case of the former, the smaller thermal mass of the NSTAP relative to the other probes (there is a 400 : 1 difference in volume between the NSTAP and 0.5 mm probe and 1200 : 1 between the NSTAP and 1.5 mm probe) will allow it to cool much faster when the flow velocity decreases, resulting in the probe capturing more of these events. In the case of the latter, the large support geometry surrounding the sensing wire could be decelerating small-scale structures through blockage.
Conclusions
We have shown that a new nanoscale hot-wire probe with dimensions 100 nm × 2 µm × 60 µm has operating characteristics that are very similar to those of conventional hot-wire probes, but with considerably better spatial resolution and frequency response. We believe that this is the first time that a microscale hot wire free of end-or substrate-conduction effects has been constructed and successfully tested in a turbulent flow, opening the way for improved measurements of high-Reynolds-number flows. For example, a sensor of this scale will allow measurements at l + w = 20 to be performed in the Superpipe facility for Reynolds numbers as high as 1.2 × 10 6 (R + ≈ 2.2 × 10 4 ). Further improvements are currently being sought by using electron beam lithography to reduce the sensing wire to dimensions of 100 nm × 100 nm × 20 µm, which will allow well-resolved measurements at Reynolds numbers up to 3.6 × 10 6 (R + ≈ 6.6 × 10 4 ) and also use deep reactive ion etching to improve the aerodynamic shaping of the probe.
Spatial filtering effects on turbulence were then evaluated by conducting measurements in grid turbulence with the new nanoscale probe and a number of conventional hot-wire probes. The biasing of spatial filtering effects to wavenumbers much larger than the sensor length was observed, in accordance with predictions from a commonly adopted model of spatial averaging effects. However, this model underestimates the magnitude of these effects, which may be due to the increased temporal response of the NSTAP. In addition, the impact of spatial filtering on higher order velocity moments was investigated and it was shown that a simple correction can be applied to recover these moments from underresolved sensors. Finally, the p.d.f.s of velocity increment statistics were investigated, and it was found that, at small spatial separations, the nanoscale probe measured high positive velocity increments with a slightly higher probability. Whether this result was due to the increased measurement accuracy of the nanoscale probe because of its better temporal and spatial resolutions, or if it was an artefact of increased blockage effects of the probe's support structure, is not yet clear. This difference will be investigated further using our new probe design, incorporating further streamlining of the sensor support structure.
While the immediate use for the new nanoscale probe is the study of small-scale turbulence, the construction of a free-standing nanoscale wire with aerodynamic supports has many other uses, such as for the measurement of temperatures over short time scales using cold-wire anemometry. Furthermore, with the growing field of micro-fluidics devices (Gad-el-Hak 2001) , sensors such as the NSTAP could prove a complementary tool to existing instrumentation such as micro-PIV (particle-image velocimetry) by adding highly resolved, time-dependent measurements. Alternatively, such devices can be manufactured directly onto laboratory-on-a-chip devices for flow-rate measurement, or used to provide feedback in flow control applications.
This work was made possible by NSF MRI Grant CTS-0421147 and NSF Grant CTS-0625268, monitored by M. W. Plesniak and W. B. Schultz. The authors would also like to thank A. Ashok for his help setting up the grid turbulence measurements.
